Two experiments were conducted to determine the requirement of available P (aP) of pigs selected for high lean deposition during summer (maximum and minimum temperatures of 29.8 ± 3.6 and 21.3 ± 1.1°C, respectively; Exp. 1) and winter (maximum and minimum temperatures of 24.7 ± 2.1 and 9.1 ± 1.6°C, respectively; Exp. 2). Pigs (66.5 ± 2.8 kg, Exp. 1; and 61.1 ± 0.6 kg, Exp. 2) were randomly allotted to 5 dietary treatments. Exp. 1 had 5 pens/treatment and Exp. 2 had 6 pens/treatment, and all pens had 2 pigs. Treatments were composed of a corn-soybean meal basal diet and 4 diets with additional dicalcium phosphate to obtain 5 aP concentrations (0.122, 0.187, 0.252, 0.317, and 0.382% in Exp. 1, and 0.135, 0.200, 0.265, 0.330, and 0.395% in Exp. 2). Pigs were allowed ad libitum access to their respective diets for 30 d. In Exp. 1, increasing aP improved ADFI and ADG (quadratic, P < 0.05), with maximum responses obtained at 0.226 and 0.256% of aP, respectively. Increasing aP improved (P < 0.05) G:F. A broken-line analysis indicated that G:F was maximized (P < 0.05) at 0.295% of aP or 9.04 g of aP/d. Increasing aP also increased (quadratic, P < 0.05) P and Ca (g/kg) in the metacarpals with maximum responses obtained at 0.314 and 0.272% of aP, respectively. The percentage of ash in the metacarpals continued to increase (linear, P < 0.05) with increasing aP. In Exp. 2, ADG and G:F improved (linear and quadratic, P < 0.05) as aP increased in the diet. A broken-line analysis indicated that G:F was maximized (P < 0.05) at 0.316% of aP or 10.58 g of aP per day. However, increasing aP had no effect on ADFI. Percentages of ash, P, and Ca in the metacarpals increased (linear, P < 0.05) with increasing aP. In conclusion, results of this experiment indicated that fi nishing pigs (60 to 100 kg) kept in a thermoneutral environment require 0.316% aP in the diet (10.58 g/d) to maximize G:F, but the requirement is only 0.295% aP (9.04 g/d) when pigs are under heat stress.
INTRODUCTION
After energy and protein, P is considered the third most expensive component in pig diets (Fan et al., 2001; Shurson and Pomerenke, 2008) . Beyond its economic importance, P is an essential element in the animal body for energy metabolism, synthesis of nucleic acids, and structure of cells membranes. From a quantitative point of view, the most important function of P is the formation and mineralization of the bone, where it also serves as a reserve to be mobilized to fulfi ll functions in almost all metabolic processes.
The concentration of P in muscle is much greater than that in adipose tissue (Stahly et al., 2000) . Therefore, it can be hypothesized that the requirement of P for pigs increases with the increase in their genetic potential for muscle deposition. Thus, the intensive genetic selection for high lean gain in pigs warrants reassessment of the requirements of available P (aP); otherwise, animal performance may be compromised. However, few studies have been conducted to investigate the requirements of aP for modern swine genetic lines.
Nutritional requirements of pigs can vary depending on the thermal environment (NRC, 1998; Myer and Bucklin, 2001; Paul et al., 2007) . Unlike other homeothermic animals, pigs have a limited ability to dissipate heat, and thus, pigs will voluntarily decrease feed intake to reduce the heat increment from nutrient metabolism under hyperthermia. When subjected to thermal stress environment, pigs show behavioral, physical, and chemical mechanisms to reduce metabolic rates, and consequently, heat production (Curtis, 1983) . This alteration will change the route of nutrients for production by reducing the rate and effi ciency of their utilization, and therefore, changing nutritional requirements under hyperthermia. Thus, the objective of this experiment was to determine the requirement of aP for pigs genetically selected for high lean deposition and also to determine if the requirement for P is affected by different thermal conditions.
MATERIALS AND METHODS
The protocol used in this study was reviewed and approved by the Animal Care and Use Committee of the Universidade Federal de Viçosa (Minas Gerais, Brazil).
Animals and Experimental Design
The experiment was conducted at the state-owned Agricultural Research Company of Minas Gerais (Experimental Pig Farm Vale do Piranga, Oratórios, Minas Gerais, Brazil), in the summer (Exp. 1, January and February with maximum and minimum temperatures of 29.8 ± 3.6 and 21.3 ± 1.1°C, respectively) and winter (Exp. 2, July and August with maximum and minimum temperatures of 24.7 ± 2.1 and 9.1 ± 1.6°C, respectively). Average relative humidity and black globe humidity index (BGHI) were 87.3 and 75.4% for Exp. 1, and 72.8 and 65.0% for Exp. 2, respectively (Table 1) . The BGHI (Buffi ngton et al., 1981) is an index used to characterize the thermal environment that incorporates air speed, air temperature, relative humidity, and heat exchange by radiation into a single value. The BGHI, therefore, provides comprehensive information of the thermal comfort of the environment compared with a simple ambient temperature.
In Exp. 1, commercial hybrid barrows (n = 50) with an initial BW of 66.5 ± 2.8 kg were assigned to 5 treatments in a completely randomized design with 5 replicate pens per treatment and 2 pigs per pen. In Exp. 2, 60 barrows (initial BW: 61.1 ± 0.6 kg) were assigned to 5 dietary treatments in a completely randomized design with 6 replicate pens per treatment and 2 pigs per pen. The same genetic line of pigs (TOPIGS Tempo × TOPIGS 40, Topigs do Brasil, Ponta Grossa, Brazil) was used in both experiments. These pigs are classifi ed as high lean potential (1.08 kg of ADG and 0.36 G:F for 70 to 100 kg of BW) as defi ned by Rostagno et al. (2005) . Pigs were housed in pens with semi-automatic feeders (Perozin Indústria Metalúrgica, Concórdia, Santa Catarina, Brazil), drinkers, and concrete fl oors. The thermal environment inside the facility was monitored daily using thermometers (Incoterm Ind. de Thermometers Ltda., Porto Alegre, Rio Grande do Sul, Brazil) to measure maximum and minimum temperatures and relative humidity. Thermometers were placed at 50 cm above the fl oor. These data were then converted to the BGHI to characterize the environment of the pigs, using the equation proposed by Buffi ngton et al. (1981) .
Experimental Diets
Experimental diets (Table 2) were mainly composed of corn, soybean meal, and supplements of minerals, and vitamins to meet the requirements for all nutrients except P (Rostagno et al., 2005) . Dietary concentrations of dicalcium phosphate, limestone, and sand were adjusted to achieve desired concentrations of aP. Experimental diets and ingredients were analyzed for P by the colorimetric method after wet ashing in triplicate (method 3.4.11; AOAC, 2000) . Dietary aP concentrations were calculated using coeffi cients reported by Rostagno et al. (2005) . The calculated amounts of aP in the experimental diets were 0.122, 0.187, 0.252, 0.317, and 0.382% for Exp. 1, and 0.135, 0.200, 0.265, 0.330 , and 0.395% for Exp. 2. Pigs had free access to feed and water throughout the 30-d experimental period. Daily feed waste was manually collected and weighed. Animals were weighed at the beginning and at the end of the experimental period to calculate ADFI, ADG, G:F, and aP intake. 
Sampling and Chemical Analysis
At the end of the experiments, pigs were fasted for 18 h and 1 pig per pen with BW closest to 96 kg was selected and transported to a slaughterhouse (Meat Industry Vale do Piranga, Ponte Nova, Minas Gerais, Brazil). Pigs were electrically stunned followed by exsanguination. The front foot from the right side of each carcass was removed and frozen (−20°C) for subsequent determination of bone characteristics. The third metacarpals were extracted and dried at 65°C in a drying oven for 72 h. After drying, metacarpals were weighed, crushed, and defatted by petroleum ether using Soxhlet apparatus. Defatted metacarpals were then placed in a 105°C drying oven for 24 h and ashed in a muffl e furnace at 600°C for 8 h. Ashed metacarpals were analyzed in triplicate for P by the colorimetric method (method 3.4.11; AOAC, 2000) and for Ca by atomic absorption spectrophotometry (method 4.8.03; AOAC, 2000) . Amounts of Ca and P were expressed as grams per kilogram of dried metacarpals.
Statistical Analysis
Data were analyzed separately for each experiment using the GLM procedures (SAS Inst. Inc., Cary, NC) following a completely randomized design. A pen was used as the experimental unit for statistical analysis of ADFI, 2 Provided per kilogram of complete diet: 600,000 IU of vitamin A from retinol, 240,000 IU of vitamin D 3 , 1.5 g of vitamin E from α-tocopherol, 0.25 g of vitamin K from menadione sodium bisulfi te, 140 mg of vitamin B 12 from cyanocobalamin, 10 g of vitamin B 2 , 10 mg of biotin, 6.0 g of pantothenic acid, 1.2 g of niacin, 25 g of choline from choline chloride, 100 g of vitamin B 1 , 0.2 g of vitamin B 6 , and 30 mg of folic acid.
3 Provided per kilogram of complete diet: 20,000 mg of tylosin as tylosin phosphate (Elanco, Greenfi eld, IN) and 1.6 g of ciprofl oxacin as ciprofl oxacin hydrochloride (Fort Dodge Animal Health, Fort Dodge, IA). and 1,600 mg of ciprofl oxacin.
4 Antioxidant.
ADG, G:F, aP intake, and bone measurements. However, only 1 pig was killed per pen for bone measurements. The residual SD (%) was calculated for G:F to indicate the SD of the differences between observed and predicted values. The SEM was also obtained for all variables. The aP requirements were obtained by a broken-line analysis using the NLIN procedure of SAS. Independent variables were dietary percentage of aP or daily intake of aP (g/d). Dependent variable was G:F. Probability values less than 0.05 were considered signifi cant.
RESULTS
In Exp. 1, increasing dietary aP concentrations improved (quadratic, P < 0.05) ADFI and ADG (Table 3) , which were maximized at 0.226 and 0.256% of aP, respectively. Increasing aP increased (P < 0.05) aP intake and G:F. A broken-line analysis provided the breakpoint (P < 0.05) for G:F, which was maximized at 0.295% of aP or 9.04 g of aP/d (Figures 1 and 2 ). The amounts of P and Ca (g/kg) in the metacarpals (MetP and MetCa, respectively) increased (quadratic, P < 0.05) as aP increased in the diet, which were maximized at 0.314 and 0.271% of aP, respectively. The percentage of ash in metacarpals continued to increase (linear, P < 0.05) with increasing aP.
In Exp. 2, increasing dietary aP concentrations improved (both linear and quadratic, P < 0.05) ADG and G:F (Table 4) . A broken-line analysis provided the breakpoint (P < 0.05) for G:F, which was maximized at 0.316% of aP or 10.58 g of aP/d (Figures 3 and 4) . The aP intake increased (linear, P < 0.01) with the increase of dietary aP concentration; however, treatments had no effect on ADFI. Percentage of ash in metacarpals, MetP, and MetCa increased (linear, P < 0.05) with increasing aP.
DISCUSSION
The range of thermoneutral zone suggested by Perdomo (1994) for growing and fi nishing pigs is between 18 and 23°C and 12 and 18°C, respectively. Orlando et al. (2007a,b) , in a series of studies using climatic chambers, reported that a BGHI value of 65 provides a thermoneutral environment for pigs, whereas a BGHI value of 79 can cause high thermal stress for pigs. In Exp. 1, the average maximum and minimum temperatures observed (29.8 ± 3.6 and 21.3 ± 1.1°C, respectively) mostly exceeded 23°C, and the average BGHI value calculated during the period was 75.3, indicating that pigs in Exp. 1 were under high thermal stress. On the other hand, based on the average maximum and minimum temperatures and the average BGHI observed in Exp. 2 (24.7 ± 2.1 and 9.1 ± 1.6°C and 65.6), it seems that pigs used in this experiment were kept within their thermoneutral zone.
The ADG of pigs is affected by thermal environment (Collin et al., 2001; Le Bellego et al., 2002; Mano et al., 2005) . Dietary aP concentrations that maximized ADG were 0.200, 0.307, and 0.350% in the experiments reported by Ketaren et al. (1993) , Stahly et al. (2000) , and Arouca (2008) . These differences may have been caused by differences in the genetic potential for lean gain among pigs used in the different experiments because data reported by Hendriks and Moughan (1993) and Mahan (2006) indicated that pigs with different lean growth potentials may have different mineral requirements.
Bertran (1995) reported that the average concentration of P in muscle tissue (0.206%) is much greater than that in adipose tissue (0.036%) of pigs. Mahan (2006) Rostagno et al. (2005) .
2 Pooled SEM; n = 5.
3 As-fed basis. 4 Dietary aP (%) × ADFI (g)/100. 5 Metacarpal P: amount of P in the dried metacarpals. 6 Metacapal Ca: amount of Ca in the dried metacarpals.
7 Ca:P in metacarpals.
compared Ca and P concentrations in pigs from different genetic lines and observed that pigs with high genetic potential for lean growth had increased body Ca and P concentrations in comparison with pigs with low genetic potential for lean growth. Wiseman and Mahan (2010) also reported that the total amounts of P in loin and ham muscles were greater in a high-lean genetic line of pigs than in pigs with low or medium capacity for lean growth. These observations indicate that the requirement for P is affected by the lean potential of pigs. The positive effects of dietary aP that were observed in both experiments support the data reported by Arouca (2008) . In contrast, O'Quinn et al. (1997) and Hastad et al. (2004) did not observe any effect of dietary aP on G:F of fi nishing pigs.
In our study, pigs under a thermoneutral environment had the greatest improvement in G:F when pigs were consuming a diet with 0.316% aP or 10.02 g of aP/d. However, the aP requirement for the maximal G:F reduced to 0.295% (or 7.93 g/d) when pigs are under thermal stress. These results support our hypothesis that pigs under thermal stress have a reduced aP requirement compared with pigs under a comfort thermal environment. Persia et al. (2003) suggested that broilers have a reduced P requirement when they are under a chronic thermal stress environment mainly because of reduced BW gain. Belay et al. (1992) also reported Figure 1 . Feed effi ciency of pigs at 60 to 95 kg fed diets with different dietary concentrations of available P (aP) under high ambient temperature (maximum and minimum temperatures were 29.8 ± 3.6 and 21.3 ± 1.1°C, respectively) in Exp. 1. The change of G:F was modeled as y = 0.292 + 0.231 × aP when aP <0.295 and y = 0.360 when aP ≥0.295 (P < 0.05 for the model; P < 0.05 for the slope; R 2 = 0.88), where y is G:F and aP is in percentage. Thus, the G:F was maximized at 0.360 when aP was 0.295%. Figure 2 . Feed effi ciency of pigs at 60 to 95 kg fed diets with different dietary intake of available P (aPin) under high ambient temperature (maximum and minimum temperatures were 29.8 ± 3.6 and 21.3 ± 1.1°C, respectively) in Exp. 1. The change of G:F was modeled as y = 0.302 + 0.00751 × aPin when aPin <9.04 and y = 0.370 when aPin ≥9.04 (P < 0.05 for the model; P < 0.05 for the slope; R 2 = 0.68), where y is G:F and aPin is in grams per day. Thus, the G:F was maximized at 0.370 when aPin was 9.04 g/d. Rostagno et al. (2005) .
2 Pooled SEM; n = 6.
3 As-fed basis. 4 Dietary aP (%) × ADFI (g)/100.
5 Metacarpal P: amount of P in the dried metacarpals.
6 Metacapal Ca: amount of Ca in the dried metacarpals.
that retention of P in the body of heat-stressed broilers was reduced, urinary P excretion was increased, and intestinal P absorption was decreased. Based on the data by Persia et al. (2003) and Belay et al. (1992) , it can be speculated that pigs exposed to high ambient temperature have a reduced aP requirement because of reduced ADG and P retention. Suggested requirements for aP in fi nishing pigs by NRC (1998) and Rostagno et al. (2005) are 0.190 and 0.248%, respectively. Based on the results of our study, these requirements for fi nishing pigs may not be sufficient for pigs with high lean growth potential. Ekpe et al. (2002) observed a quadratic increase in the amount of MetP for growing pigs with increasing dietary aP concentrations. However, Gomes et al. (1989a,b) reported that there is no difference in the amount of MetP when dietary P concentrations were changed for growing and fi nishing pigs. These inconsistencies may be related to the type of bone used in the measurements as well as dietary concentrations of Ca and P used. Eckhout et al. (1995) observed that the effects of dietary Ca and P concentrations on bone mineralization varied depending on the type of bone used. Fernández (1995) verifi ed that Ca:aP ratio in the bones is independent of P intake and tends to be maintained at a 2:1 ratio. Consistent with these observations, we observed in both of our studies that the Ca:aP in the metacarpals varied only from 1.96:1 to 2.06:1, even though dietary Ca:aP ranged greatly from 4.79:1 to 1.39:1.
For pigs in thermoneutral environment, the aP (0.314%) required for the greatest MetP concentrations was 23% greater than that required for maximum ADG. Similarly, for pigs under thermal stress, the greatest ADG was observed at 0.316% of aP, whereas MetP concentrations continued to increase linearly. Results of the present experiment, as well as data reported by Mahan (1982) , Nimmo et al. (1981) , and Hastad et al. (2004) , indicate that the requirement for P to maximize the G:F are also less than the P required to maximize bone ash.
The effect of dietary P concentrations on bone ash concentration in pigs may vary depending on the types of bone used in the analysis. Cromwell et al. (1970) reported that reducing the concentration of dietary P from 0.50 to 0.38% caused a 22% reduction of ash content in turbinate bones, whereas only a 6% reduction was observed in the metacarpal bones of growing pigs. Ketaren et al. (1993) reported that increasing dietary aP concentrations linearly increased ash concentrations in radius and femur, but not in the fourth metatarsal of pigs at 50 to 90 kg of BW. Similarly, Weeden et al. (1993) observed variations in the ash percentage in femur and fi rst rib but not in the third and fourth metatarsal of pigs (58 to 105 kg of BW) fed diets with different P concentrations.
Results of these experiments indicated that pigs with high lean gain potential have greater aP requirements than the current requirements suggested by NRC (1998) and Rostagno et al. (2005) . Results also indicate that pigs under heat stress have reduced feed intake and possibly reduced protein accretion, resulting in reduced dietary aP requirements when expressed as a percentage of diet or in grams per day. The effect of heat stress on the aP requirement is particularly important in pigs with high lean gain potential because of greater metabolic heat produced from protein accretion compared with other pigs.
Results of these experiments also indicated that high lean type pigs from 60 to 100 kg require a greater amount of aP (0.316% or 10.58 g/d) compared with cur- Figure 3 . Feed effi ciency of pigs at 60 to 95 kg fed diets with different dietary concentrations of available P (aP) under conventional ambient temperature (maximum and minimum temperatures were 24.7 ± 2.1 and 9.1 ± 1.6°C, respectively) in Exp. 2. The change of G:F was modeled as y = 0.267 + 0.280 × aP when aP <0.316 and y = 0.355 when aP ≥0.316 (P < 0.05 for the model; P < 0.05 for the slope; R 2 = 0.65), where y is G:F and aP is in percentage. Thus, the G:F was maximized at 0.355 when aP was 0.316%. Figure 4 . Feed effi ciency of pigs at 60 to 95 kg fed diets with different dietary intake of available P (aPin) under conventional ambient temperature (maximum and minimum temperatures were 24.7 ± 2.1 and 9.1 ± 1.6°C, respectively) in Exp. 2. The change of G:F was modeled as y = 0.278 + 0.00725 × aPin when aPin <10.58 and y = 0.355 when aPin ≥10.58 (P < 0.05 for the model; P < 0.05 for the slope; R 2 = 0.56), where y is G:F and aPin is in grams per day. Thus, the G:F was maximized at 0.355 when aPin was 10.58 g/d.
rent requirements for the maximal G:F. In addition, the requirement of aP decreases (0.295% or 9.04 g/d) when high lean type pigs are under heat stress.
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